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The recently discovered default mode network (DMN) is a group of
areas in the human brain characterized, collectively, by functions of
a self-referential nature. In normal individuals, activity in the DMN
is reduced during nonself-referential goal-directed tasks, in keep-
ing with the folk-psychological notion of losing one’s self in one’s
work. Imaging and anatomical studies in major depression have
found alterations in both the structure and function in some
regions that belong to the DMN, thus, suggesting a basis for the
disordered self-referential thought of depression. Here, we sought
to examine DMN functionality as a network in patients with major
depression, asking whether the ability to regulate its activity and,
hence, its role in self-referential processing, was impaired. To do
so, we asked patients and controls to examine negative pictures
passively and also to reappraise them actively. In widely distrib-
uted elements of the DMN [ventromedial prefrontal cortex pre-
frontal cortex (BA 10), anterior cingulate (BA 24/32), lateral parietal
cortex (BA 39), and lateral temporal cortex (BA 21)], depressed, but
not control subjects, exhibited a failure to reduce activity while
both looking at negative pictures and reappraising them. Further-
more, looking at negative pictures elicited a significantly greater
increase in activity in other DMN regions (amygdala, parahip-
pocampus, and hippocampus) in depressed than in control sub-
jects. These data suggest depression is characterized by both
stimulus-induced heightened activity and a failure to normally
down-regulate activity broadly within the DMN. These findings
provide a brain network framework within which to consider the
pathophysiology of depression.

cognitive reappraisal | fMRI | medial prefrontal network |
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hen we engage in almost any goal-directed behavior of a

nonself-referential nature, certain areas of the brain
decrease their activity (1) when compared with a quiet resting
state (e.g., awake with eyes closed). The consistency with which
certain areas of the brain do so, regardless of the nature of the
goal-directed task, led to the notion of an organized default
mode of brain function (2) in which some regions are most active
when we are in a resting state. The areas of the brain most
consistently displaying such behavior regardless of task have
come to be known as the default mode network (DMN) (3, 4),
which consists of areas in dorsal and ventral medial prefrontal
cortices, medial and lateral parietal cortex, and parts of the
medial and lateral temporal cortices.

Recently summarized data (4) indicate that the DMN is
involved in the evaluation of potentially survival-salient infor-
mation from the body and the world: perspective taking of the
desires, beliefs, and intentions of others and in remembering the
past as well as planning the future (2-4). All of these putative
functions are self-referential in nature. Reduction of activity in
the DMN during effortful cognitive processing (1, 5) can be
interpreted as reflecting the need to attenuate the brain’s
self-referential activity as a means of more effectively focusing
on a task. A failure to do so might well lead to interference in
task performance from internal emotional states, as seen in
patients with depression.
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Studies in patients with major depression have identified
structural and functional abnormalities in brain circuits involved
in emotional processing (for reviews see refs. 6-9). These regions
include the hippocampus, amygdala, anterior cingulate, ventro-
medial prefrontal cortex, and dorsal medial prefrontal cortex
and fall within the anterior portion of the DMN. Although
studies (6-9) have found depression-related abnormalities in
portions of the DMN, it is not clear whether certain regions or
the DMN as a whole is involved in the emotional dysregulation
of depression. Therefore, in the current study, we used fMRI to
measure changes in brain activity occurring within the entire
DMN in 20 individuals with major depression and 21 demo-
graphically similar control subjects during an affective reap-
praisal task (10). Our goal was to examine the role of the DMN
in emotional modulation in depression. To examine task-induced
activity differences within the entire DMN rather than simply in
selected regions, we used a DMN “mask” from an independent
sample (see SI Text) by using resting state data to avoid the potential
for influencing the results by the content of the task (11).

Results

Behavioral Data. We used a modification of the Ochsner et al. (10)
paradigm examining emotional regulation during 4 different task
conditions: passively view neutral pictures (“look neutral”),
passively view negative picture (“look negative”), actively make
a negative picture more positive (“make positive”), and actively
make a negative picture more negative (‘“‘make negative”). There
were no significant differences between depressed and control
subjects in the ratings of pictures either during passive viewing
or explicit regulation (see SI Text for details).

Imaging Data. To test our hypotheses, we independently identified
the DMN boundaries (see Materials and Methods) to restrict
regions of interest (ROIs) in our data to areas falling within the
DMN. These boundaries correspond closely to published DMN
maps from PET and fMRI data (1, 2, 12) (Fig. 1). We conducted
2 voxelwise ANOVAs (group X picture type X time within trial
and group X regulate task X time within trial) to determine
group differences. In these analyses, “group” contrasted de-
pressed vs. control subjects, “look” (picture type) contrasted
looking at neutral vs. negative pictures, and “regulate task”
contrasted passively looking at negative pictures vs. consciously
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Task-induced activity in the default mode network. The DMN is shown in light blue. The top left image shows the medial surface right hemisphere

whereas the top right image shows the lateral surface left hemisphere. The bottom left shows the lateral surface right hemisphere whereas the bottom right
image shows the medial surface left hemisphere. All regions are shown in Table 1 (group differences) or Table S1 (regions without group difference effects).
As indicated by the legend, superimposed red colored regions show areas within the DMN where task-induced differences distinguished depressed and control
subjects. The remaining regions had no group differences but had activity decreases in the regulate condition only (yellow), in the look condition only (green),
in both the regulate and look conditions (brown), or had activity increases in both the regulate and look conditions (fuschia).

reframing the picture context as positive. Time within trial
referred to the variation across the frame estimates (1-8) for a
particular condition (see Materials and Methods for details of
default region selection and image analysis).

Regions with Task-Induced Activity Reductions. Passive viewing of
negative vs. neutral pictures (look condition). Group effects. There were
14 regions within the DMN that exhibited a group difference
between depressed and controls for the look condition. The
typical pattern of activity for controls was decreased activity
during the task, whereas depressed subjects failed to have a
decrease in activity. Compared with controls, depressed indi-
viduals demonstrated less of a task-related decrease in activity
(i.e., higher activity) in all 14 of these regions except L BAS (see
Table 1 and Fig. 1 regions in red). Fig. 2 shows time—activity
curves for 8 representative ROIs of the 14 regions in Fig. 1 that
differed between depressed and controls.

Sheline et al.

Picture-type effects. In addition there were a number of regions
that showed less of a decrease in activity to negative pictures than
neutral pictures in both depressed and controls or a greater
increase in activity for negative than neutral pictures. These
regions are shown in Fig. 1, with the colors indicating whether
the regions exhibited increased or decreased activity. These
regions are also shown in Table S1, and the time—activity curves
are shown in Fig. S1.

Regulation of emotional responses. Group effects. As shown in Table
1, there were 11 regions for which the depressed participants
failed to show the same amount of task-related decreased
activity during the make positive condition as controls, including
2 rostral anterior cingulate regions (Fig. 2 and Fig. S2), dorsal
anterior cingulate (Fig. S2), 2 ventromedial prefrontal cortex
(BA 10) regions (Fig. 2 and Fig. S2), left medial prefrontal cortex
BAS8 (Fig. S2), lateral parietal cortex (BA 39) (Fig. S2), and 5
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Table 1. Regions showing significant group differences in activations in the analysis of passive viewing of neutral and negative
pictures (look) and regulation vs. passive viewing of negative pictures (regulate)

Region X, Y, 2) No. of voxels Look effect (dep > con), P value Regulate effect (dep > con), P value
Decreased activity
Anterior cingulate
Dorsal BA32 —18, 18, 38 46 <0.001 <0.001
Rostral BA24 18,19, 28 81 0.005 <0.001
Ventromedial prefrontal cortex
Medial frontal BA10 —4,53, -3 108 <0.0001 <0.0001
Medial frontal BA10 4,54, -8 32 0.004 <0.0001
Lateral temporal cortex
BA21 —43, —16, =5 129 <0.0001 <0.0001
BA21 —44, —15, -5 132 <0.0001 <0.0001
BA21 -52,1, =27 92 <0.0001 <0.0001
BA21 -50, 1, —27 97 <0.0001 <0.0001
BA21 —55, =2, =21 90 <0.01 ns
Lateral parietal cortex
BA39 42, =71, 13 61 0.004 <0.001
Increased activity
Amygdala -22, -6, —13 55 0.01* ns
Hippocampus 19, =27, -7 73 0.009* ns
Parahippocampal gyrus -22,-31,-18 51 0.007 <0.001
Dorsal medial prefrontal cortex
Medial BA8 —11, 14,50 50 0.005* 0.002

*Time frame 5-8 s, see text.
Dep < con.

lateral temporal cortex (BA 21) regions (Fig. 2 and Fig. S2).
Regions not shown in Fig. 2 because of space limitations had very
similar patterns of activity, and their time courses are shown in
Fig. S2.

In addition there were a number of regions that showed
decreased activity in both depressed and controls during the
regulate condition (see Fig. 1, Fig. S1, and Table S1).

Regions with Task-Induced Activity Increases. Passive viewing of neg-
ative vs. neutral pictures (look condition). Group effects. Three regions
showed more increase in activity in depressed subjects than in
controls, as shown in Table 1 and Fig. 2. In the left parahip-
pocampus, depressed subjects had significantly greater activity
than controls (across the entire time course) in response to
negative as compared with neutral pictures. Although there were
no group differences in the overall time courses (frames 1-8) in
amygdala and hippocampus, examination of the time courses
suggested that depressed patients may have shown enhanced ac-
tivity in the later part of the trial, after onset of the picture.
Therefore, we conducted post hoc analyses in these regions focusing
on the frames covering 10-17.5 s.

The left amygdala [F (1, 43) = 6.47, P = 0.01] and right
hippocampus [F (1, 43) = 7.42, P = 0.009] showed significantly
different patterns of responses to picture types in depressed vs.
control subjects (i.e., picture type X group interaction). As can
be seen in Fig. 2, controls did not show a significant difference in
responses to neutral vs. negative pictures, but the depressed indi-
viduals showed significantly greater activity to negative compared
with neutral pictures. In one region (left dorsal medial prefrontal
cortex BAS), controls had significantly greater activity in response
to negative pictures than depressed (Table 1 and Fig. S2).

Picture-type effects. Several regions showed increased activity
for negative pictures compared with neutral pictures in both
depressed and controls. These regions are shown in Fig. 1 and
Table S1.

Regulation of emotional responses. We used regulate task (look-
negative vs. make positive) and time within trial as within-subject
factors and diagnostic group as a between subject factor.

1944 | www.pnas.org/cgi/doi/10.1073/pnas.0812686106

Group effects. As shown in Table 1, 2 regions showed group
differences that varied as a function of the task. In the left
parahippocampus and left dorsal medial prefrontal cortex, de-
pressed had greater activity than controls during the emotional
regulation (make positive) condition compared with passively
looking at negative pictures.

Picture-type effects. Several regions showed more increased
activity in the make positive condition compared with passive
viewing of negative pictures in both depressed and controls. By
using the regulate task (look-negative vs. make positive) and
time (within trial) as within-subject factors, these regions showed
picture task X time interactions that did not further interact with
group. (Fig. 1, Fig. S1, and Table S1).

Exploratory effects. To look for nonpredicted effects in regions
outside the a priori DMN ROI, we conducted a whole-brain
ANOVA to determine group main effects or interaction with
group. We identified 4 regions, all in the cerebellum, that met
threshold criteria. See SI Text for discussion.

Discussion

The DMN (Fig. 1) is a constellation of brain areas defined
functionally on the basis of their coordinated behavior in the
human brain (2, 5). This behavior manifests itself in several ways.
First, the areas together typically exhibit activity decreases
during the performance of a wide range of goal-directed tasks
(1-5). Exceptions to this widespread decrease in activity, as in
the present study, relate to the task-relevance of the functionality
associated with specific components of the DMN, such as that
attributed to the ventral medial prefrontal cortex.

Second, the areas comprising the DMN exhibit striking tem-
poral coherence in the resting state (resting quietly with eyes
closed). This resting state temporal coherence emerges from the
spontaneous fluctuations in the fMRI BOLD signal, a phenom-
enon first noted by Biswal and colleagues (13) in the somato-
motor system. It has since been extended to virtually all cortical
systems including the DMN (for recent review see ref. 11) and
subcortical structures (14).

Sheline et al.
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Fig. 2. Time-activity curves are shown for a subset of regions in Fig. 1. (A-F) Time-activity curves plot percent fMRI signal change (y axis) vs. time in seconds
(x axis). Regions compare passive viewing of negative pictures to passive viewing of neutral pictures (look) (Upper), compare passive viewing of negative pictures
to regulation of emotion (regulate), and time within trial that reflected modulations of task-related activation (Lower). (A-C) As indicated, there was less of a
decrease in activity in depressed compared with control subjects in left ventromedial prefrontal cortex (BA10) (A), right rostral anterior cingulate (B), and left
lateral temporal cortex (C). (D-F) There was a greater increase in depressed subjects in the look condition (Upper) for the left amygdala (D), left parahippocampus
(E), and right hippocampus (F). The greater activity during the regulate condition (Lower) was only significant in the L parahippocampus. The regulate condition

difference (Lower) was only significant in the left parahippocampus.

Finally, the DMN follows a developmental trajectory in
humans in which interhemispheric coherence within the DMN
appears strong by age 6, but anterior—posterior coherence be-
tween parietal regions and medial prefrontal cortex is weak (15).
This longitudinal development of DMN coherence suggests an
important experiential component in sculpting the DMN. As
such, this sculpting may also be affected by early life stressors and
trauma that have been shown to cause a predisposition to the
development of depression (16), for example, through changes in
neurotrophic factors or other factors that could affect neuro-
plasticity and DMN connectivity (17). Aberrant regulation of
neuronal plasticity may result in maladaptive changes in neural
networks that underlie the development of major depressive
disorder.

The results of the current study provide information about the
role of DMN in emotional activity and regulation in major
depression. We found very consistent evidence widely distrib-
uted within the DMN that depressed individuals differed from
controls during the performance of emotional tasks. Specifically,
there were group differences (differences in both the look and
regulate tasks) in multiple DMN regions. Furthermore, we
found clear evidence in controls, as well as depressed subjects,
that manipulation of negative emotional content of pictures and
the need to regulate emotion modulated activity in many DMN
(Fig. 1 and Table S1).

Our results confirm and extend the results of other studies
examining DMN in depression. One study (18) found increased
activity in some DMN, including amygdala and anteromedial
prefrontal cortex (BA 9/8) but found decreases in anterior
cingulate (BA 32). Grimm et al. (19) reported alterations in 2
midline DMN regions and found that these activity differences
correlated with depression severity and feelings of hopelessness.
Greicius et al. (20) found abnormally increased resting state

Sheline et al.

connectivity of subgenual anterior cingulate by using functional
connectivity MRI. Whereas other studies have examined cog-
nition or affect related processing in some DMN regions, our
study is unique in determining DMN differences from a focused
theoretical perspective, independently determining the DMN
from a separate resting state dataset and identifying any acti-

Medial Prefrontal Cortex
(BA 9,10,11,14,24,25,32)

Visceral Control Areas:
Hypothalamus
Periaqueductal Gray

Li?nbic Areas:
Amygdala

Hippocampus

Parahippocampal cortex

Rostral superior temporal gyrus (STGr)
and dorsal bank of the STS (STSd)

Posterior cingulate and
Retrosplenial cortex

Fig. 3. Anatomical connections of the medial prefrontal network in the
macaque adapted from Saleem et al. (23). The superimposed ROl in red are the
areas in the current study (also shown in Fig. 1) in which depressed subjects
differed from controls. The medial prefrontal cortex and its connected regions
are part of the DMN and have extensive interconnections with each other and
visceral control areas.
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vation differences within the network as a whole. We found the
failure to decrease activity in the DMN in depression was not
specific to voluntary regulation of affect but appears instead to
be a more general pattern of response, suggesting that DMN
abnormalities might contribute to deficits in “automatic” and
controlled processing of affective stimuli. Automatic processing
occurred in the current experiment when subjects saw emotional
stimuli and had a subliminal or automatic brain response. We
suggest that dysregulation of automatic emotional processing indi-
cates the fundamental importance of the DMN in depression.

Our working hypothesis to explain the origin of increased
activity in DMN regions during emotional modulation tasks is
their extensive anatomical connections to regions involved in
emotion, internal inspection, and endocrine regulation (e.g.,
hypothalamus, amygdala, and periaquaductal gray of the brain-
stem) (Fig. 3). DMN regions have been thought to be involved
in self-inspection and monitoring of the internal and external
milieu (2, 4-5), which are activities that may also be overactive
in depression, especially in the form of ruminations (21).

An emerging point is that the DMN is composed of a group
of relatively large but widely separated areas that each have their
own unique anatomy, connections, and functionality. One of the
best understood areas resides in the medial prefrontal cortex,
which, along with its connections, as defined in monkeys, has
been dubbed the “medial prefrontal network” by Price and
colleagues (22). This anterior portion of the DMN, including the
anterior cingulate and ventromedial prefrontal cortex (BA 10),
is extensively interconnected and intimately tied to limbic and
other structures, such as the hypothalamus, that provide internal
visceral surveillance. Although the recognition of the DMN
arose from studies that identified common activity during func-
tional tasks, it is interesting that many of these regions are also
part of the medial prefrontal cortex or its connections. In the
current study, we found many DMN regions that differed
between depressed and controls that are anatomically connected
with the medial and dorsal prefrontal cortex network in ma-
caques (23). These anatomically connected regions include left
lateral temporal cortex (23) and limbic regions (24) (Fig. 3).

The parahippocampal area seen in this study theoretically
corresponds to the entorhinal and posterior parahippocampal
cortex in monkeys. The macaque rostral superior temporal gyrus
region may be homologous with rostral middle temporal gyrus
regions that have shifted ventrally because of differential en-
largement of the midportion of the temporal lobe in humans.
The same shift is seen in the movement of the visual association
areas from the ventrolateral to the ventral surface of the
temporal lobe (25).

Although we did not find evidence of differences between
depressed and control subjects in the posterior cingulate and
precuneus, which are part of the posterior DMN, these regions
did, nonetheless, show significant effects of both looking at
negative pictures and regulating emotion (picture type and
regulate task effects) in both depressed and control subjects (Fig.
1 and Table S1) and thus are important in emotional modulation.
However, the lateral parietal cortex is a region that has not been
found to be anatomically connected to the medial and prefrontal
cortex, but it is an important part of the DMN and differed
significantly in emotion-mediated activity between depressed
and controls in the current study.

In depressed patients there was increased activity, relative to
controls, in response to negative pictures in the hippocampus,
parahippocampal cortex, and amygdala, consistent with other
studies (26-29). Although these structures are not as frequently
described as components of the DMN, there have been a number
of studies that clearly implicate them as having decreased activity
during cognitive tasks (1). Studies have shown that decreases in
activity during focused attention reflect a dynamic interaction
between cognitive demands and the person’s emotional state

1946 | www.pnas.org/cgi/doi/10.1073/pnas.0812686106

(30-34). In depression, it has been hypothesized that heightened
limbic responses to negative affect-eliciting stimuli may provide
a bottom up source of input that can serve to dysregulate
cognitive control systems that might normally suppress such
affective responses (30, 35, 36). This hypothesis is supported by
studies of cognitive task performance in depression that have
revealed a failure to reduce activity in medial prefrontal regions
in response to increased cognitive demand (37) or during an
emotional conflict task (38). As such, the failure of depressed
patients to appropriately decrease activity in medial prefrontal
regions suggests an impaired ability to suppress attention to
internal emotional states.

Although, like other studies (33, 39), we found increased
prefrontal activity in the dorsal and rostral cingulate (BA10 and
BAS, respectively) in depressed subjects, relative to controls,
during emotional regulation, we did not find clear evidence,
unlike other studies (10, 33, 39), that either controls or depressed
patients were able to modulate amygdala activity in response to
demands to down-regulate responses to negative stimuli. Nonethe-
less, we did see clear evidence for a left amygdala response to
negative pictures with left amygdala hyperactivity in depression.

Another somewhat surprising finding in the current study was
that depressed participants did not differ from controls in their
ratings of the picture stimuli. Such ratings are very susceptible to
demand characteristics, however, and it is possible that partic-
ipants responded in a way that they knew was expected of them
(e.g., less negative ratings of pictures in the regulation condi-
tion), highlighting the importance of objective measures of brain
function that may be less susceptible to such effects. Importantly,
the absence of behavioral differences between groups allowed us
to interpret the fMRI differences in depressed subjects without
correcting for behavioral differences. However, additional stud-
ies would be needed to show the importance of correlating fMR1
activity with clinical characteristics, such as rumination, to
further explore the functional significance of the neural findings.

In summary, we found differences between depressed and
control subjects in important regions within the DMN. Regions
in the DMN are part of a core system that is critical in
self-referential properties. In the face of emotional stimuli, the
DMN is overactive for both implicit and explicit emotional
modulation. We hypothesize that whether interrogating visceral
reactions, emotions, potential threats, or remembering the past,
to name a few functions of the DMN, there is an increase in the
degree of self-referential focus in depression. Thus, depression
can be thought of as an illness involving a pathological inability
of the DMN to regulate self-referential activity in a situationally
appropriate manner.

Materials and Methods

Participants. Participants were screened by the same criteria as described in
ref. 38 resulting in 24 individuals with major depression [M/F: 12/12, mean age:
34 years (SD = 9.4), education: 15 years (SD 2)], and 21 demographically similar
controls [M/F: 6/15, age: 35 (SD = 7.3), education: 16 (SD 2)]. There were no
significant group differences in age (of 43 subjects, t = .25, P = 0.81), gender
(Chi-Square = 2.14, df = 1, P = 0.14), or education (of 43 subjects, t = 1.10, P =
0.79). Given the gender imbalance between depressed and control subjects in
the current study, we reanalyzed our data excluding 4 males from the de-
pressed group to result in a group of 20 depressed subjects. Our results
continued to reveal significant differences between the groups in all of the
same regions.

Depressed participants met criteria for a current episode of unipolar recurrent
major depression by the Diagnostic and Statistical Manual of Mental Disorders-IV
criteria (40). All participants were free of psychotropic medication for a minimum
of 4 weeks, were administered a 17-item Hamilton Depression Rating Scale
(HDRS) (41), and were excluded for acute physical illness, history of trauma
resulting in loss of consciousness, and lifetime psychiatric disorders. Depressed
participants were included with HDRS scores of =18 (mean 21 = 3.5). Control
participants had scores =8 (mean 0 =+ 0.4). All participants provided written
informed consent in accordance with Washington University Human Subjects
Committee criteria and were paid $25.00 per hour for their participation.
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Procedure. We used a modification of the Ochsner et al. (10) paradigm
examining emotional regulation. We used 4 different task conditions: pas-
sively look at neutral pictures (look neutral), passively look at negative picture
(look negative), actively make a negative picture more positive (make posi-
tive), and actively make a negative picture more negative (make negative).
The latter was included to ensure that subjects would reliably regulate their
emotions (i.e., had they been asked to only make pictures positive or look
neutral, they mightregulate everything in a make positive direction, including
the neutral pictures). Because we had no a priori hypothesis about the make
negative condition, it was not included in the data analysis.

In the make positive condition, participants were instructed to deperson-
alize the image such that it did not pertain to them, that the image was not
real, and that the outcome of the scene portrayed was positive. In the make
negative condition, participants were instructed to imagine the pictures were
pertinent to themselves or a loved one and that the outcome was negative.
Before entering the scanner, participants received instruction on how to
attenuate emotional response and spent ~15 min practicing (with 10 addi-
tonal minutes of practice in the scanner).

Stimulus Presentation. Stimuli from the International Affective Picture Series
(42) were counterbalanced for picture type (see S/ Text).

fMRI Image Acquisition, Processing, and Analysis. All fMRI data were obtained
on the same Siemens 3T Allegra MRI scanner and processed as described (30)
(see S/ Text).
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DMN for ROI Identification. To test our hypotheses, we identified a priori the
DMN boundaries to determine ROIs in our data falling within the DMN by
using standard methods (12) (see S/ Text).

Statistical Analysis. To test our hypotheses, we used a priori defined ROIs,
consisting of the DMN as defined above and in the S/ Text. Voxel clusters
within the a priori defined default connectivity map showing effects of
interest were identified by using a 3-stage process. (i) We required voxels to
show significant effects at P < 0.001 and to belong to clusters of at least 14
contiguous voxels. (i) We required that the activity peak of a given voxel
cluster fall within the DMN in order for a cluster to be counted as included. (i)
We then conducted analyses by using the clusters identified in the previous
step and (to protect against Type | error) required results to show post hoc
effects at P < 0.01.

Exploratory Effects. To look for nonpredicted effects in regions outside the
apriori DMN ROI, we conducted a whole-brain ANOVA to determine group
main effects or interaction with the group. We identified 4 regions, all
in the cerebellum, that met threshold criteria. See S/ Text for further
discussion.
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